Polyacrylonitrile (PAN) carbon nanostructure microspheres (CNM) with the average particle size of 200 nm were prepared in the range of 500 to 800 ∘ C. The precursors of CNM were obtained through soap-free emulsion polymerization followed by freeze drying, oxidative stabilization, and half-carbonization. KOH was employed as the activation agent of the precursor material, and the ratio between KOH and the precursor was selected as 2 : 1. The element content, pore structure, nitrogen-containing functional groups, and microstructure characterization were characterized via elemental analysis, N 2 adsorption at low temperature, X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), and transmission electron microscopy (TEM), and the electrochemical properties were examined as well. The results revealed that the CNM displayed specific surface area as high as 2134 m 2 /g and the total pore volume could reach 2.01 cm 3 /g when the activation temperature was 700 ∘ C. Furthermore, its specific capacitance in 3 M KOH and 1 M organic electrolyte could reach 311 F/g and 179 F/g, respectively. And, also, abundant functional groups of N-5 and N-6 were rich in the surface of the material, which could cause Faraday reaction and got the increasing specific capacitance via improvement of the wettability of the electrode material.
Introduction
Supercapacitors have attracted great interest in energy storage due to their large power capability, high efficiency, and long cycle life [1] . A supercapacitor setup consists of current collector, electrode, electrolyte, and diaphragm. Among them, materials of electrode act as the critical components. A wide range of porous carbons, such as activated carbon, carbidederived carbon, carbon onions, carbon nanotubes, carbon aerogel, templated carbon, and carbon nanofibers, have been synthesized [2] . Among them, active carbon (AC) is widely used. However, AC may possess different structures and electrochemical characteristics due to the difference of the precursor and the production process.
Pietrzak et al. [3] reported that unique physical and chemical properties of carbon materials depended on not only developed specific surface area but the type, quantity, and way of bonding of heteroatom which exists on the surface of materials. And nitrogen was mentioned to be an important element to modify the property of the material surface. Strelko et al. [4] highlighted the concept of band gap (Δ ), indicating that electronic transmission would be easier if the band gaps of functional groups were diminished. It has been obtained by calculation of quantum chemistry: Δ of N-X is the maximum, N-Q follows, and N-6 is calculated to be the minimum. Seredych et al. [5] identified that N-6 and N-5 (the nitrogen atoms which are on the verge of graphite ring) were the optimum functional groups to give rise to Faraday reaction.
Compared with the traditional active carbon which is based on wood and mineral, polyacrylonitrile (PAN) contains a higher content of nitrogen, whose theoretical content of nitrogen is approximate to 26.42%. The subsequent processes such as carbonization can engender abundant surface functional groups of nitrogen, which can improve the surface physical and chemical properties of electrode materials. Moreover, PAN microspheres obtained via soapfree emulsion polymerization avoid many adverse effects on electronic, optical, and surface properties in comparison to the product of other polymerizations [6] . Different from other polymer derived carbons [7, 8] , PAN contains only two elements of carbon and nitrogen, both of which are inert elements, so it is relatively safe and more convenient to operate. Moreover, the effect of other elements on carbide can be also excluded. Electrode materials can be fabricated by subjecting nitrogen-containing materials of an appropriate polymer precursor to stabilization and carbonization processes. So far AC produced from PAN has been subjected to different physical or chemical activation processes using steam, CO 2 , or NaOH to create pores. The activation process further increases the specific surface area of carbon nanofibers thereby enhancing the specific capacitance. Moreover, the activation step can modify the surface functionalities of AC, causing the cycling instability of supercapacitors.
The function of nitrogen has been widely reported in recent literatures. Zhao et al. [9] utilized milk powder as the precursor and prepared N-doped multilayer grapheme (N-MLG) under the presence of Fe 2+ ions as catalyst. The product was measured on electrochemical performance and the result showed that the onset potential (−0.05 V) of the N-MLG 45 min sample was significantly higher than that of the CNTs (−0.25 V) and undoped graphene (−0.24 V), which indicates that N plays an important role in electrochemical performance.
In this work, we provide a facile route to fabrication of porous carbon from acrylonitrile monomer by using KOH as activation agent under different temperature. The pore structure, electrochemical performance, and effects of nitrogen-containing functional groups on the electrochemical properties have been investigated.
Experimental

Preparation and Oxidative Stabilization of PAN Micro-
spheres. 300 mL deionized water and 30 mL acrylonitrile (purchased from Tianjin Comio chemical reagents development center) were firstly poured into four-necked flask under gentle stirring. Subsequently, the samples were heated to 60 ∘ C at a rate of 2 ∘ C/min, and then 30 mg potassium persulfate (purchased from Tianjin FengChuan Chemical Reagent Technology Co., Ltd., and dissolved in deionized water) was injected to trigger the reaction and held for 6 hours. The whole reaction was proceeded in nitrogen atmosphere. Finally, stabilization was managed by thermal treatment under nitrogen gas (100 mL/min) by raising the temperature at a rate of 1 ∘ C/min to 300 ∘ C. After being cooled naturally to room temperature, the precursor was prepared.
Carbonization and Activation Process for Fabrication of AC.
The ratio between KOH and the precursor was optimized, and the alkaline-precursor mass ratio of 2 was employed in the experiment. A moderate amount of deionized water was added to the mixture under gentle stirring and poured into a nickel crucible after impregnation for 24 h. The samples were heated to the activation temperature at a rate of 10 ∘ C/min under nitrogen gas flow (50 mL/min) and kept for 1 h. To remove the residual potassium atoms or ions, the produced sample was immersed in 5 M HCl solution for 24 hours and then rinsed with deionized water until the PH was 7 and dried at 120 ∘ C for 5-8 h. The resultant products were named as xAQy (x and y represent mass ratio of alkalineprecursor and activation temperature, resp.).
Characterization and Analysis.
Specific surface area and pore structure were measured at 77 K on N 2 adsorption (Quantachrome, US; model: Autosorb-iQ-MP). The surface functional groups of the prepared samples were determined through X-ray photoelectron spectroscopy (XPS, PHI, US; model: PHI 5000C ESCA System X). The content and occurrence forms of nitrogen were determined by Elemental Analyzer (Elementar, Germany; model: Vario Macro Cube). The external morphology of the CNM was explored using scanning electron microscopy (SEM, JEOL, Japan; model: JSM-6390LV) and transmission electron microscopy (TEM, JEOL, Japan; model: JEM2100). The contact angle ( ) was determined using contact angle measurement instrument (model: JC2000C1) to characterize the wettability of electrode materials.
Preparation of Electrodes and Assembly of Supercapacitor.
The working electrodes were fabricated by mixing 85 wt% PAN CNM powders with 10 wt% acetylene black and 5 wt% polytetrafluoroethylene (PTFE) binder. A small amount of ethanol was added to the mixture to produce a homogeneous paste. Then the electrodes were dried under vacuum at 120 ∘ C for 4 h. The supercapacitors were assembled with two electrodes using 3 M KOH and 1 M Et 4 NBF 4 /PC solution as the electrolyte, respectively.
Characterization of Electrochemical Properties.
The galvanostatic charge/discharge and cyclic voltammetry test were carried out on an Arbin Instrument. Electrochemical impedance spectroscopy was recorded on PARSTAT2273 Advance Electrochemical System and each data point in Nyquist plot is at a different frequency from 100 KHz to 0.001 Hz. The specific capacitance of a single CNM electrode was calculated from the discharge part of galvanostatic charge/discharge curves by the following formula:
where was the discharge current (A), Δ was the discharge time (s), Δ was the variation of potential ( ) in discharge process, and was the mass (g) of AC in one electrode. 
Results and Discussion
Microstructure Characterization of PAN Microspheres.
The external pore structure of PAN microspheres and its activated forms are observed by SEM and TEM. As shown in Figure 1 , (b) and (d) display the images of PAN microspheres which are obtained by the method of soap-free emulsion polymerization. We can realize that, whether before or after the carbonization, the precursors and produced carbon nanostructure microspheres can maintain an inerratic spherical shape, and the average particle size of the sphere stays around 200 nm. The morphology of 2AQ8 and PAN microspheres was further characterized by TEM. As seen in Figures 1(c), 1(d), 1(e), and 1(f), these spheres showed abundant porosity with nanostructure, and the average particle size was about 200 nm, which was in good agreement with SEM observation. Table 1 shows the element content of samples at different activation temperature. The nitrogen content decreases gradually with the increase of temperature; the content of carbon increases due to the augment of the degree of carbonization, leading to the decrease of N/C. On one hand, PAN had met with structural changes such as cyclization [10] after oxidation and carbonization, which might produce acrylamide, HCN, NH 3 , CO 2 , and acetamide [11, 12] and bring about the decrease of nitrogen content. On the other hand, the etching effect of KOH might promote the structural changes in the activation process. Figure 2 , 2AQ5 and 2AQ6 exhibit a terrible property of adsorption demonstrated on the ordinate, which is corresponding to a small adsorption platform. It was observed that the adsorption platform of the samples under 700 and 800 ∘ C (2AQ7/2AQ8) was improved significantly and a certain hysteresis loop appeared, which indicates that both of the samples possess high specific surface area and a certain mesopore structure.
Element Content of CNM Based on PAN.
The Specific Surface Area and Pore Structure of CNM Based on PAN. As shown in
The BET surface area, pore size distribution, and mesopores rate were listed in Table 2 . The specific surface area increased from 17 to 3065 m 2 ⋅g −1 with the increase of activation temperature from 500 to 800 ∘ C. This is in good agreement with the adsorption-desorption isotherms in Figure 2 .
KOH can be transformed into K 2 O after dehydration by time and it played as the activation agent for porous carbon materials. The development of pore structure depends primarily on the formation of K 2 CO 3 derived from the reaction between K 2 O and carbon, and the reduction of metallic potassium from K 2 O plays a positive role under high temperature as well. The former consumes carbon atoms of precursor to generate pores and the latter completes the process by the strong permeability and intercalation of potassium [13, 14] . Because the boiling point of K is 762 ∘ C, it is not conducive to the development of pores if the temperature is under 700 ∘ C. In contrast, when the temperature is equal to or higher than the boiling point of K (as 2AQ8), the welldeveloped porosity and high specific surface area would be obtained.
The pore size distribution curve ( Figure 3 ) indicated clearly that not only high porous volume within the scope of the microporous range (<2 nm) can be observed in 2AQ8; so does the scope of the mesoporous range (2-5 nm). The second is 2AQ7 and the porous volume of 2AQ5 and 2AQ6 is detected to be the worst. This is fully consistent with the results of the analysis in Table 2 and Figure 2. 
Text of X-Ray Photoelectron Spectroscopy.
The content and occurrence forms of nitrogen are shown in Table 3 and Figure 4 . 2AQ7 contains abundant nitrogen-containing functional groups on the surface such as N-6, N-5, N-Q, and N-X. The proportion of N-6 and N-5, which are on the edge of graphite layer, has been detected to be the maximum. However, N-Q, derived from the substitute to carbon atoms in graphite layer, appears only with a small fraction. Figure 5 shows the galvanostatic charge/discharge curves of PAN carbon materials under the current density of 50 mA/g in both KOH and organic electrolyte. Combining the parameters with Table 4 , the increase of the specific surface area contributes to the amplification of charge/discharge time and the specific capacitance in both inorganic and organic system, mostly. Curves of 2AQ5-2AQ7 exhibit different degrees of distortion in the range of 0-0.6 V in aqueous electrolyte while the 2AQ8 approaches ideal line (as shown in Figure 5(a) ), suggesting that 2AQ8 reflects the characteristics of electric double layer capacitance (EDLC). On the one hand, the subordinate effect of pore structure (such as low mesoporous rate and small specific surface area) gives rise to a larger diffusion impedance of electrolyte ions into pores. On the other hand, the pseudocapacitance cripples the dominant position of EDLC and influences the charge/discharge property due to the existence of the redox reaction. 2AQ7 ( Figure 5(b) ) exhibits no linear bending in organic system in comparison with aqueous system and the reason is that high specific surface area and outstanding mesoporous rate render the pore subordinate. The redox reaction of nitrogen-containing functional groups (N-6 and N-5) on 2AQ7 produces pseudocapacitance and contributes to the specific capacitance in aqueous system. But the functional groups provide hardly Journal of Nanomaterials any Faraday reaction in organic system; thus it keeps the charge/discharge curves as the type of EDLC. Figures 6 and 7 exhibit typical galvanostatic charge/ discharge cycle curves under the current density of 50 mA/g in aqueous and organic electrolyte, respectively. In addition to the bending deformation in the first cycle in KOH electrolyte, the subsequent cycle curves of 2AQ7 act as basic isosceles triangles. The result demonstrates that (1) high specific surface area and abundant nitrogen-containing functional groups render the infiltration of electrolyte into the pores of 2AQ7 difficult and need an additional time and (2) oxidation reduction reaction on N-6 and N-5 delayed the electrolyte diffusion and consumed more transmission electrons, leading to the extension of charge/discharge time [15] . In KOH system, the charge/discharge efficiency keeps stable basically after the first five charge/discharge cycles; this indicates that pseudocapacitance reaction of N-6 and N-5 does not affect the charge/discharge performance but increases its specific capacitance. In organic system (Figure 7) , the charge/discharge curves after the first cycle remain consistent, which indicates that N-6 and N-5 generate no adverse effects on organic electrolyte.
In order to further study the effect of surface functional groups on electrode materials, the wettability has been detected. As shown in Figure 8 , the order of the size of contact angle ( ) can be determined as 2AQ7 > 2AQ5 > 2AQ6 > 2AQ8. The specific surface area of 2AQ7 behaves inferiorly in comparison to 2AQ8, but it possesses the best surface wettability. This indicates that, by time the nitrogencontaining functional groups (N-6 and N-5) generate pseudocapacitance, improving the wettability and increasing the utilization of specific surface area and specific capacitance. Moreover, accompanying with the increase of activation temperature, the shrinkage of the quantity of nitrogen-containing functional groups makes for impairing the hydrophily. But its high mesoporous rate and specific surface area make up for the lack; specific capacitance in both kinds of electrolyte is still remarkable.
Cyclic Voltammetry.
Cyclic voltammograms of electrode materials derived from CNM based on PAN in both aqueous electrolyte and organic electrolyte are displayed in Figure 9 . Curves of 2AQ5 and 2AQ6 in two kinds of electrolytes are tortile significantly; it is mainly determined by the pore structure (small specific surface area and low pore rate). In aqueous system, serious distortion appeared in cyclic voltammetry curves of 2AQ7 in the voltage range of 0-0.6 V; this is in accordance with the charge/discharge curves ( Figure 5(a) ) in the same voltage range. Moreover, CV curves tend to swing outward in the voltage range of 0.2-0.7 V, which indicate that redox reaction occurred on the surface groups in the charge/discharge process, improving the capacity of the capacitor [16] . In contrast, curve of 2AQ7 approximates to a rectangle and exhibits no distortion in organic system, which is in accordance with the charge/discharge curve in organic system ( Figure 5(b) ). It has fully demonstrated that the functional groups on the surface of 2AQ7 (N-6 and N-5) produced pseudocapacitance in inorganic system and increased the specific capacitance. Small effect of pseudocapacitance on surface functional groups and high mesopores rate prompt the curve of 2AQ8 to exhibit a standard rectangular in both kinds of the system. The CV curves for 2AQ7 at different scan rate are shown in Figure 9 (c). With increasing scan rate, the CV curves showed slight distortion, demonstrating a relatively good rate performance. The good electrochemical capacitive behavior of 2AQ7 may be attributed to its unique nanostructure shown in Figures 9(e) and 9(f). The long-term cycle stability of the 2AQ7 was also examined by galvanostatic charge/discharge at a current density of 2.5 A g −1 for 100 cycles in 3 M KOH aqueous solution and the corresponding result is shown in Figure 9(d) . There is 13% decrease of the initial specific capacitance after 100 cycles under such a strong current density. This is mainly because the redox reaction consumes parts of oxygen containing functional groups, leading to the decrease of specific capacitance with the increasing of cycle index.
Journal of Nanomaterials For a further analysis of oxidation reduction reactions on nitrogen-containing functional groups, the reaction might occur in inorganic electrolyte as shown in Scheme 1 [17, 18] .
AC Impedance.
To analyse the performance of AC impedance, it is divided into three parts generally: lowfrequency, intermediate-frequency, and high-frequency region. The equivalent circuit is given in the inset of Figures  10(a) and 10(b) . At very high frequencies, the intercept at real part ( ) is an integrated resistance ( ) of ionic resistance of electrolyte and contact resistance at the active material/current collector interface. The slope of the 45 ∘ portion of the curve is called the Warburg resistance ( ) and is a result of the frequency dependence of ion diffusion in the electrolyte to the electrode surface. High-frequency arc corresponds to the charge transfer resistance ( ct ) at the contact interface between electrode and electrolyte solution.
Because the curve of 2AQ8 is perpendicular to the real part ( ) in low-frequency region (Figure 10(a) ), it shows the best capacitance characteristics in both kinds of electrolyte and 2AQ7 follows. In contrast, the curves of 2AQ5 and 2AQ6 insist on declining and with no tend of verticality, which makes them the worst. All the evidences indicate that the capacitance of 2AQ8 is mainly supplied by EDLC. In contrast, curves of 2AQ5, 2AQ6, and 2AQ7 have deviated from the ideal in low-frequency region due to their pore structure and effect of pseudocapacitance.
In the intermediate-frequency region, the impedance of 2AQ5 and 2AQ6, which is presented as the slope of the 45 ∘ portion of the curves, is relatively large. The reason is that the electrode contains a great deal of diffusion impedance because of the inferior pore structure, especially the small porosity of 2AQ5. The impedance of 2AQ7 in KOH electrolyte is significantly larger than that of organic system. Such result can be attributed to the fact that the pseudo capacitance reaction has occurred on nitrogen-containing functional groups of 2AQ7. Even though the nitrogen-containing functional groups increase the wettability of surface of electrode materials, they increase the diffusion impedance of electrolyte into the pores of electrode materials due to the redox reaction as well. For comparison, the high specific surface area and mesopores rate of 2AQ8 determine the diffusion impedance to be similar in both kinds of electrolyte system. The size of arc diameter in high-frequency region reflects the size of internal impedance of the capacitor, which is concerned with the resistance between electrolyte and carbon materials, aperture, and particle of the materials. What is more, the contact impedance between carbon electrode and the collector is also included [19, 20] . As shown in Figure 10 , in the high-frequency region, the general trend of AC impedance spectra in both kinds of electrolyte system is semidiameter of the arc in inorganic system which is smaller than that of organic system, and the higher the temperature is, the smaller the semicircle diameter is. On the one hand, there are differences of properties between the two kinds of electrolyte itself. Resistivity of organic electrolyte is much higher than that of aqueous (KOH) electrolyte, which makes the semicircle arc radius in high-frequency region of the two kinds of electrolyte different, essentially. On the other hand, accompanying with the increase of heat treatment temperature, the increase of conductivity and the decrease of resistance among particles contribute to the decrease of semicircular arc diameter.
Test of Leakage Current.
Leakage current is an important index to measure the performance of supercapacitor [16] . Many causes can contribute to the appearance of leakage current. Briefly, it is mainly the result of joint action such as overcharge, reaction between surface functional groups of AC and electrolyte, and migration of ions on electric double layer to electrolyte [15] . Figure 11 exhibits the leakage current of the samples under different activation conditions. All of the leakage current is ignorable, revealing an outstanding stability.
Conclusion
Polyacrylonitrile nanoparticles have been synthesized via soap-free emulsion polymerization method from acrylonitrile monomer. With the activation of KOH, materials of nanostructure microspheres based on PAN have been produced under different activation temperatures, wherein the specific surface area and mesopores rate can be achieved as high as 2134 m 2 /g and 41.84%, respectively. The specific capacitance of the electrode materials reaches as high as 311 F/g and 179 F/g in 3 M KOH electrolyte and 1 M (C 2 H 5 ) 4 NBF 4 Propylene Carbonate (PC), respectively. The effect of pseudocapacitance of nitrogen-containing functional groups (N-6 and N-5) on electrode materials plays significant role, which causes the materials to obtain excellent wettability. 
